To study sodium homeostasis, we performed a genome-wide screen for deletion strains that show resistance to NaCl. We identified 34 NaCl-resistant strains. Among them, the largest group that consists of 10 genes related to membrane trafficking and 7 out of 10 genes are ESCRT proteins which are involved in cargo transportation into luminal vesicles within the multivesicular body. All of the ESCRT related mutants which showed sodium resistance also showed defects in vacuole fusion. To further understand the role of the ESCRT pathway in various ion homeostasis, we examined sensitivity of these ESCRT mutants to various cation salts other than NaCl, including KCl, LiCl, CaCl 2 , CoCl 2 , MgCl 2 , NiSO 4 and MnCl 2 . While these ESCRT mutants showed resistance to LiCl, CoCl 2 and MgCl 2 , they showed sensitivity to KCl, CaCl 2 , NiSO 4 and MnCl 2 . Then we examined sensitivity of these ESCRT mutants to various drugs which are known to inhibit the growth of fission yeast cells. While these ESCRT mutants were more or equally sensitive to most of the drugs tested as compared to the wild-type cells, they showed resistance to some drugs such as tamoxifen, fluorouracil and amiodarone. These results suggest that the ESCRT pathway plays important roles in drug/ion resistance of fission yeast.
Introduction
Sodium ion homeostasis is a vital cellular function ranging from prokaryotes to eukaryotes. In human, genetic defects in sodium ion homeostasis contribute to the risk of high blood pressure [1] . In agriculture, salt stress is an environmental pressure to crop plants, and genetic engineering of proteins that are involved in sodium ion homeostasis may lead to their increased salt tolerance [2, 3] . Thus, understanding sodium ion homeostasis has important implications for a wide range of fields including medicine [4] , microbiology [5] and agriculture [6] . a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Construction of fission yeast Schizosaccharomyces pombe (S. pombe) deletion library has enabled us to perform genome-wide screen of mutants defective in various biological processes. Genome wide screen of sensitive and/or resistant deletion mutants has been performed for cadmium [7] , cobalt [8] , caffeine [9] , immunosuppressant FK506 (tacrolimus) [10] , antifungal drugs [11, 12] , anticancer drugs [13, 14] , and valproic acid [15] .
In the present study, to study sodium homeostasis, we systematically screened fission yeast nonessential knockout library, and identified 34 NaCl-resistant strains. Among them, 7 genes are related to ESCRT (endosomal sorting complex required for transport) proteins, which are involved in cargo transportation into luminal vesicles within the multivesicular body. These ESCRT mutants also showed resistance to LiCl, CoCl 2 and MgCl 2 , however, they showed sensitivity to other cation salts tested, such as KCl, CaCl 2 , NiSO 4 and MnCl 2 . Likewise, these ESCRT mutants showed resistance to some drugs such as tamoxifen, fluorouracil (5-FU) and amiodarone, while they were equally or more sensitive to other drugs tested. These results suggest that the ESCRT pathway plays important roles in drug/ion resistance of fission yeast.
Materials and methods

S. pombe nonessential gene knockout library
S. pombe Haploid Deletion Mutant Library (Set ver 2.0) constructed by Bioneer Corporation and Korea Research Institute of Biotechnology and Bioscience (http://pombe.bioneer.co.kr/) were used in this study. These deletion strains were generated with a genetic background of h + leu1-32 ura4-D18 ade6-M210 or -M216 using PCR-based deletion method [16] . The haploid deletion library used in this study consists of 3004 nonessential genes, each of which carries a defined deletion of a characterized or a putative nonessential open reading frame (ORF) replaced with the kanMX4 cassette. Deletion of the target ORF was screened by G418 antibiotic selection.
Media, genetic and molecular biology methods
The complete medium YPD (yeast extract-peptone-dextrose) and the minimal medium EMM (Edinburgh minimal medium) have been described previously [17] . YPD plates are supplemented with 225 mg/l adenine to produce YPDA (yeast peptone dextrose adenine) plates. Gene disruptions are abbreviated by the gene preceded by Δ (for example, Δvps25). Proteins are denoted by Roman letters and only the first letter is capitalized (for example, Vps25) [18] .
Genome-wide screen for sodium chloride-resistant deletion mutants
We used streak assay for a preliminary screen and dilution-series spot assay for a secondary screen as reported previously [11] [12] [13] . In the preliminary screen, the log-phase cells were streaked onto YPDA or YPDA plus various concentrations of NaCl to screen sodium chloride resistant strain. Deletion cells that exhibited enhanced resistance in the preliminary screen were selected to carry out the secondary screen. To group the extent of the resistance, the deletion cells were spotted onto YPDA or YPDA containing 250mM NaCl. Three independent spot assays were done. All chemicals and reagents were purchased from commercial sources.
(3×CDRE::luc(2.2)) was transformed into wild-type and ESCRT mutant cells, and treated with 100mM CaCl 2 or 100mM NaCl. D-luciferin sodium salt monohydrate (50 mM in sterile water as stock solution; Biosynth Corporation, Switzerland) was used as a substrate for firefly luciferase and was added to the cell suspension at 1:100 dilution. Light emission levels expressed as relative light units were measured at 1-min intervals for three hours using a luminometer (AB-2350; ATTO Co., Tokyo, Japan) at 27˚C.
Miscellaneous methods
Methods in light microscopy, such as fluorescence microscopy and differential interference contrast (DIC) microscopy were performed as described previously [20, 21] by using a Nikon Eclipse Ni-U microscope equipped with a DS-Qi2 camera (Nikon Instruments Inc., Japan). Database searches were performed using the National Center for Biotechnology Information BLAST network service and the fission yeast S. pombe database search service (http://www. pombase.org/).
Results
Identification of NaCl-resistant mutants
To identify nonessential genes associated with increased resistance to sodium chloride, we performed a genome-wide screen and isolated 34 deletion strains that displayed varying levels of resistance to NaCl. The resistance to NaCl was scored as follows: strong resistance (+++) indicating that the deletion cells grow very well on the plates containing 250 mM NaCl and the third and fourth spot could be observed (Fig 1A) , moderate resistance (++) indicating that the second spot could be observed (Fig 1A) , and mild resistance (+) indicating that the first spot could be observed but the colony sizes of the deletion mutants were mostly larger than those of the wild-type cells on the plates containing 250 mM NaCl (Fig 1A) . Among the 34 NaCl-resistant mutants, 16 mutants were strongly resistant (+++), 10 mutants were moderately resistant (++), and 8 mutants were mildly resistant (+) ( Table 1 ). The 34 genes were grouped by their functions (Table 1 and Fig 1B) . The largest group consisted of genes involved in membrane trafficking (10/34 = 29.4%), the second and third largest groups consisted of genes involved in the regulation of transcription and translation (4/34 = 11.8%) and ubiquitination (3/34 = 8.8%), respectively. Other groups consisted of genes involved in nucleic acid metabolism, amino acid synthesis and metabolism, ribosome biogenesis and assembly, histone acetylation and deacetylation, signal transduction and there were also a variety of genes with other known functions in the biological system (Table 1 and Fig 1B) .
Deletion mutants of genes involved in vacuolar protein sorting showed sodium resistance
As described above and shown in Table 1 , ten deletion mutants of genes involved in membrane trafficking showed various levels of resistance to sodium chloride. Notably, seven of the ten mutants are subunits of the ESCRT complexes and the two other membrane trafficking mutants, Δbro1 and Δvps68 are related to the ESCRT function [22, 23] . The remaining Δvps8 is a deletion mutant of the gene encoding a subunit of the CORVET ('class C core vacuole/endosome tethering') complex that functions in endosome-endosome fusion [24] . On the other hand, some ESCRT mutants such as Δsst6 (vps23), Δvps28 and Δvps24 did not show resistance to sodium chloride ( Fig 1C) .
ESCRT mutants showed sodium resistance also showed defects in vacuole fusion
In the in vivo screening for deficiencies in vacuolar fragmentation activity of an ordered collection 4881 deletion mutants of Saccharomyces cerevisiae (S. cerevisiae), it has been reported that ESCRT mutants showed vacuolar fragmentation deficiencies [25] . Then we examined vacuole response to low osmolarity in ECSRT mutants as described by Bone et al. [26] . DIC microscopy was used to examine vacuole morphology of log-phase cells grown in rich medium and transferred to water for 90 min. As shown in Fig 2, when the wild-type cells were transferred from medium to water, a number of much larger vacuole structures were appeared (Fig 2) . In clear contrast, in the ESCRT mutants including Δsst4, Δdot2, Δvps25, Δvps36, Δvps20, Δdid4 and Δvps32 which displayed strong resistance to sodium chloride, vacuoles remained small and numerous (Fig 2) , suggesting that these ESCRT complexes are required for vacuole fusion. Notably, ESCRT mutants that were not resistant to sodium chloride, namely Δsst6 (vps23), Δvps28 and Δvps24, did not show detects in vacuole fusion (Fig 2) .
Sensitivity of the ESCRT mutants to various cation salts
To further understand the role of the ESCRT pathway in various ion homeostasis, we examined sensitivity of the ESCRT mutants which showed NaCl resistance to various cation salts including LiCl, CoCl 2 , MgCl 2 , KCl, CaCl 2 , NiSO 4 and MnCl 2 . As shown in Fig 3, the ESCRT mutants which were resistant to NaCl also showed resistance to LiCl, CoCl 2 and MgCl 2 , however, they showed hypersensitivity to KCl, CaCl 2 , NiSO 4 and MnCl 2 (Fig 3) .
Sensitivity of the ESCRT mutants to various drugs
The above findings prompted us to examine sensitivity of the ESCRT mutants that showed NaCl resistance to various drugs which are known to inhibit the growth of fission yeast cells. The drugs tested were tamoxifen, 5-FU, amiodarone, micafungin, clotrimazole, amphotericin B, terbinafine, chlorpropham and fenpropimorph. While these ESCRT mutants were equally or more sensitive to most of the drugs tested, they showed resistance to some drugs such as tamoxifen, 5-FU and amiodarone (Fig 4) . These results suggest that the ESCRT pathway plays important roles in drug/ion resistance of fission yeast.
Calcineurin activity and intracellular localization of ion transporters in ESCRT mutants
To analyze the physiological transport of Ca 2+ ion through the plasma membrane in ESCRT mutant cells, we monitored calcineurin activity in living cells by using 3×CDRE (calcineurindependent response element) fused to destabilized luciferase, because calcineurin activity reflects the level of intracellular Ca 2+ ion. Our previous results showed that high extracellular NaCl or CaCl 2 caused an increase in calcineurin activity, but through distinct mechanisms [19] . As shown in Fig 5A, although the ESCRT mutants that showed strong resistance to NaCl were sensitive to CaCl 2 , their calcineurin activities were much higher than that of wild-type cells on basal as well as on both stimulations. Notably, ESCRT mutants that were not resistant to NaCl showed similar calcineurin activities as compared to that of wild-type cells. The transient receptor potential (TRP) channels have been known to play important roles in regulating cytoplasmic Ca 2+ [27, 28] . In order to investigate the role of the TRP channels in the ESCRT mutants, we observed the intracellular localization of two TRP channels (Trp1322 and Trp663) in the ESCRT mutants. As shown in Fig 5B, the results showed that localization of these TRP channnels in Δdid4 and Δvps25 cells was similar to those in wild-type cells ( Fig  5B) . The localization of these TRP channels in the other ESCRT mutants was also similar to those in wild-type cells (data not shown). These results suggest that the ESCRT mutations do not affect the localization of TRP channnels, and NaCl resistance of the ESCRT mutants is not related to intracellular level of Ca 2+ ion via these two TRP channels.
Discussion
The multivesicular body (MVB) pathway delivers ubiquitinated membrane proteins into vacuole/lysosomes for degradation. This pathway involves endosomal sorting complexes required for transport (ESCRT). The components of the ESCRT machinery were first identified in budding yeast S. cerevisiae in the screening of vacuolar protein sorting (vps) mutants, which failed to transport proteins into the vacuole [29] . Further genetic and biochemical characterization of the machinery revealed five distinct ESCRT complexes (ESCRT-0, -I, -II, -III and the Vps4 complex) and accessory proteins, each have unique structures and discrete functions [30] . The components of the ESCRT pathway identified in budding yeast S. cerevisiae are largely conserved in S. pombe and mammals [30] [31] [32] .
Bowers et al. tested deletion strains for all vps class E genes of budding yeast and found that they are sensitive to calcium chloride and lithium chloride [33] . Logg et al. showed that deletion strains for several vps class E genes including Δvps20 and Δvps32 are sensitive to sodium chloride [34] . However, as described in this study, in spite of its genetic similarity to budding yeast, we identified many deletion strains of the ESCRT complexes in the screening for sodium chloride resistant mutants in fission yeast S. pombe. Notably, fission yeast ESCRT mutants showed resistance to LiCl, CoCl 2 and MgCl 2 , but they showed sensitivity to KCl, CaCl 2 , NiSO 4 and MnCl 2 . These results suggest that the ESCRT pathway has important roles in ion homeostasis and there are distinct mechanisms in the ESCRT function to regulate homeostasis for various ions. Quite contrary to our results, Luo et al. reported that they identified many ESCRT mutants in their screening for nickel-tolerant diploid deletion mutants of budding yeast genes and suggested that the ESCRT pathway is required for the sensitivity of yeast cells to nickel ions [35] . These results suggest that the ESCRT function for ion homeostasis is markedly different in these two yeast species.
Interestingly, ESCRT mutants which were resistant to NaCl showed higher calcineurin activities upon stimulation by NaCl or CaCl 2 when compared with wild-type cells. As shown in our previous study, activation of calcineurin by high extracellular NaCl is mediated by the Yam8/Cch1 Ca 2+ channels and is distinct from its activation by high extracellular Ca 2+ [19] .
Our results suggest that defective Ca 2+ ion regulatory mechanisms in these ESCRT mutants result in high intracelluar Ca 2+ concentration and CaCl 2 -sensitive phenotype of these mutants.
Ion transporters can be damaged/oxidized in response to ions, which leads to their ubiquitination and degradation through the ESCRT pathway with the collaboration of arrestins [36] . Since we also get some ubiquitination-related mutants in our analysis, ubiquitination process might also be involved in ion response. A possibility is that the difference in sensitivity/resistance to some ions is related to the effect of the ions in the ubiquitination and/or transport through the MVB/vacuoles of the corresponding transporter/channel.
Likewise, the ESCRT mutants showed resistance to some drugs such as 5-FU, tamoxifen and amiodarone while they were equally or more sensitive to other drugs tested. These results suggest that the ESCRT pathway is important for drug metabolism and has important roles in drug sensitivity and metabolism. In addition, these results suggest that the ESCRT function for drug metabolism is also markedly different in these two yeast species and that the ESCRT pathway may be relevant for antifungal drug resistance in pathogenic fungi. Since the ESCRT mutants showed resistance to some ions and drugs while they were equally or more sensitive to other ions or drugs, it is suggested that the ESCRT mutations affect dynamism of plasma membrane proteins and its perturbation causes to increase (or decrease) of import machinery of certain solutes and export machinery of others simultaneously. This may explain resistance of some ions/drugs and sensitivity of other ions/drugs in an ESCRT mutant.
We showed that all the ESCRT mutants which showed sodium resistance also showed defects in vacuole fusion. It has been reported that budding yeast cell contains 2-5 vacuoles of intermediate size during logarithmic growth on rich media, and that hypotonic media promote vacuole fusion whereas hypertonic conditions induce rapid fragmentation [37] . Although there is currently no report regarding ESCRT mutant for the defect in vacuole fusion, it has been reported that budding yeast ESCRT mutants showed vacuolar fragmentation deficiencies under hypertonic conditions [25] . Together with this budding yeast report, our results suggest that the ESCRT pathway is important for the regulation of vacuolar size in various fungi and may be important for the regulation of lysosomal morphology in mammalian cells.
Conclusions
In this study, we conducted the genome-wide screening of fission yeast haploid nonessential gene deletion mutants to identify mutants resistant to NaCl and have identified 34 NaCl-resistant mutants. Importantly, we showed that some ESCRT mutants were resistant to NaCl as well as drugs such as 5-FU and also were defective in vacuole fusion. In addition, these mutants were sensitive to various salts such as CaCl 2 and drugs such as clotrimazole. Our results suggest that the ESCRT pathway is relevant for the drug/ion sensitivity and may be involved in regulation of antifungal drug resistance in pathogenic fungi.
